Introduction
In the post-genome era, large amounts of x-omic data including genome, transcriptome, proteome, metabolome, and fl uxome are being generated, thanks to the high throughput technologies. As the amount of experimental data increases, the necessity of the integration and management of these resources has become an important issue in the current biotechnology. Even though the complete genome sequences of more than 350 organisms have been published (Liolios et al., 2006) , the analysis of the whole-cell metabolism still remains diffi cult. Combination of various x-omics data and computational skills are required to understand the complex structure of metabolic and regulatory networks of cell at the systems level. An important issue in biological study is to obtain meaningful information from the exploding data sets. Even though certain information can be found from the studies, attempts to correlate heterogeneous data are still at their infancy. Therefore, the researchers should develop a specifi c model based on manual curation, unless the unifi ed and integrated framework is constructed. Modeling of a specifi c system using such an integrated framework will be helpful to reduce the cost and to optimize the time-consuming experimental procedures.
Systems biology is a new paradigm of research that allows systems level understanding of cellular processes. The objective of systems biology is to understand the static and dynamic behaviors of the cell, organism or parts of them from a holistic point of view. Several mathematical modeling and simulation methods can be Biotechnology in Korea www.asiabiotech.com used for this purpose. The recent systems biology research programs are mainly aimed at qualitative and quantitative understanding of metabolic, signaling and gene regulatory networks. In this article, the research status of systems biology and biotechnology in Korea is briefl y reviewed (Fig. 1) .
Research Areas Of Systems Biology and Biotechnology in Korea

In silico Modeling and Simulation of Biological Systems
The approaches involved in the in silico modeling and simulation of biological systems can be mainly classifi ed into two groups: constraints-based static model and kinetics-based dynamic model. While both methods are important to the modeling and simulation of biological systems, they possess their own advantage and disadvantage.
The static model includes constraints-based fl ux analysis, topology analysis and stoichiometric analysis. The static model is currently a more realistic approach to understand the large-scale network under consideration. Users can simplify the dynamic model into the static model under the steady state assumption. The static model deals with the connectivity and capacity of the biological network as time-invariant characteristics of the system. This is the main difference between the static and dynamic models. In contrast to the static model, the dynamic model is necessary to characterize the biological systems in a full scale. However, the kinetic parameters that are required to construct the dynamic model are generally diffi cult to obtain from in vitro experiments. Therefore, good number of assumptions should be accompanied to simplify the model.
Fig. 1. Overview of the systems biology and biotechnology research in Korea
Biotechnology in Korea www.asiabiotech.com A static metabolic model of large-scale genomic data was developed by utilizing the newly sequenced microorganism, Mannheimia succiniciproducens MBEL55E (Hong et al., 2004) . The static network model was initially composed of 373 biochemical reactions and 352 metabolic compounds. By utilizing this model, new ways to enhance the productivity of an industrially important compound, succinic acid, were identifi ed. This result demonstrates a novel approach to the direct utilization of the genome sequence to overproduce bioproducts by the combination of in silico analyses and wet experiments. This program package MetaFluxNet (http://mbel.kaist.ac.kr/mfn; Fig. 2 ) helps users to understand the metabolism of organisms and allows them to systematically design the relevant wet experiments. As explained above, the dynamic model of cellular mechanism requires a number of information, such as kinetic parameters, to represent complex behaviors of cells and organisms. However, limitation of experimental data causes ambiguity and incorrectness in the dynamic model of a specifi c network. Generally, the metabolic network structure of living organisms can be easily more characterized, compared with the regulatory network. The network model of Lactococcus lactis was constructed for the analysis of dynamic behavior of lactate production (Nam et al., 2004) . In vitro experiments using the sampling equipment along with in silico simulations using GEPASI tool (Mendes, 1997) were performed to estimate the dynamic parameters.
Recently, a web-based dynamic simulation package, WebCell (http:// webcell.org; Fig. 3 ), was released to the public (Lee et al., 2006) . WebCell is a dynamic simulation environment for the analysis of celluar networks in a quantitative and qualitative manner. The environment allows users to construct, visualize and analyze the network models more effi ciently. WebCell provides users with a library of previously reported dynamic models. WebCell also support the Systems Biology Markup Language Biotechnology in Korea www.asiabiotech.com (SBML) that is an XML-based modeling language to represent the network structure (Hucka et al., 2003) . The WebCell system was developed based on the Java-based platform. The platform is composed of the Java applet, servlet technology and Java Server Page that are operating on the highperformance server system, where the Tomcat Server, Java 2 JDK 1.4 and MySQL database are running. This provides an environment suitable for the interactive kinetic modeling and simulation of biochemical networks (Lee et al., 2006) . Dynamic simulation of biochemical networks can be performed by solving differential algebraic equations (DAEs) or ordinary differential equaions (ODEs). WebCell also provides the environment for the Metabolic Control Analysis (MCA) for the sensitivity analysis of the network structure at steady states. 
Biological data integration and standardization
It is of great importance to develop an ideal system for the modeling and simulation of various organisms by incorporating the biological knowledge and integrated databases. To achieve this goal, many attempts have been directed to the standardization of data handling and integration of databases. BioSilico is developed for such purpose, which is to integrate disparate databases for facilitated information retrieval from them (Hou et al., 2004; Fig. 4 ) SBML is widely used for the exchange of various types of biological data. SBML as well as CellML (Lloyd et al., 2004) have been developed to represent various complex network models. These model libraries were used to develop regulatory and metabolic network models. MONET (Lee et al., 2005a) and GeneRUBY (Unpublished) were developed for the representation of gene regulatory network. MONET is a large-scale network construction software based on the Bayesian network model. GeneRUBY is a probabilistic framework for the robust inference of interactions.
Biotechnology in Korea www.asiabiotech.com The SBML model library was also used to develop a data structure for the representation of metabolic fl ux model -Metabolic Flux Analysis Markup Language (MFAML; Yoon et al., 2005; Fig. 5) . The MFAML provides an integrated environment for the construction and analysis of metabolic fl ux models. Metabolic fl ux models can be easily transformed into other data formats by utilizing the parser and converter tools. The integrated information systems for the easy retrieval of relevant information were also developed for the systems biology research. The system incorporated the schema of various biochemical databases by utilizing the unifi ed modeling language -UML (Webb et al., 2005) . The integrated querying systems -BIRDIE and UNICORN -for the biological information were developed based on a mediator-wrapper infrastructure platform.
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Calcium Signaling Systems
An important portion of many ongoing systems biology-related projects in Korea is the study of calcium signaling systems. This research topic is focused on the utilization of various systematical approaches for the in-depth research of Ca 2+ signaling systems in mouse heart, including identifi cation of the relevant novel components, i.e. genes and proteins, their functional characterization and interactions, construction of their respective network and ultimately modeling of their complex dynamic system in an integrative manner.
A variety of bioinformatics and genomic tools has been employed to identify and characterize genes associated with Ca 2+ signaling processes in mouse heart (Hong et al., 2005; Jung et al., 2004) . Firstly, the corresponding genes were identifi ed using UniGene-clustering and searching gene expression database, and further classifi ed into several categories via Gene ontology annotation. Tissue-specifi c transcriptome data from a database is then used. With focus on the adult mouse cardiac muscle library (Library 8901) in UniGene database at the NCBI, a total of 827 UniGene entries was found. Among them, 671 entries are known gene entries (previously annotated with potential functions) and 156 are entries of potentially novel genes (previously uncharacterized). The primary goal of this project is to determine whether they are genuine novel genes with signifi cant and evident expression in cardiac muscle.
Regarding the gene regulatory mechanisms, construction of a genetic network for Ca 2+ signaling is crucial, aided by gene expression profi ling. This would signifi cantly contribute to the understanding of cardiac diseases caused by abnormal Ca 2+ signaling. To reach this goal, in-silico promoter analysis and large-scale gene expression analysis using DNA chips are mainly employed. This study aims at the transcriptional regulation of Ca 2+ signaling genes under the conditions of altered genotype and pharmacological treatment. To elucidate functional correlations between the identifi ed target genes and to reduce the occurrence of false-positives encountered in various clustering methods, integrative expression profi le analysis was adopted. UniGene-clustering and GEO gene expression database along with cDNA-microarray data have identifi ed various functional modules of the mouse heart genes, especially those related to Ca 2+ signaling toolkit (CSTK) genes (Berridge et al., 2000) . Characterization of these functional clusters is currently underway. All the resulting clusters can be accessed at "HCNet", a database of heart and calcium functional network (http://sbrg2.gist.ac.kr/hcnet) (Fig. 6 ). In addition, TFExplorer, a promoter analysis program, is to be employed for the investigation of transcription binding sites in the promoter of CSTK genes. Integration of this promoter-related data with transcriptome data would certainly give rise to a more reliable Ca 2+ genetic network than the one based on only one type of data. The resulting network is to be experimentally verifi ed using chromatin immunoprecipitation assays.
Fig. 6. A functional network found in mouse heart transcriptome. HCNet, the heart and calcium functional Network database, provides functional genetic modules detected from the whole GEO microarray datasets. In this network diagram, each node was colored by its GO category and the correlation between the nodes were denoted by edge color.
RNA interference (RNAi) technology now serves as a very important tool in functional genomics in addition to DNA microarray and proteomics technologies. This RNAi technology was employed to selectively induce and silence the expression of each individual gene to obtain their functional characteristics. At fi rst, a subset of genes (22 genes) whose expression might be involved in calcium signaling in cardiac myocytes was defi ned. To examine the roles of genes in Ca 2+ signaling, a lentiviral vector system was designed, which is capable of expressing siRNA and transducing in vivo very effi ciently, leading to the reduced expression of specifi c genes in the resulting progeny. Genes thought to be involved in Ca 2+ signaling in mouse cardiac myocyte HL-1 cell clonal lines are now under investigation with this technology.
Mass spectrometry techniques are now invaluable tools for proteome analysis. They are used to determine Ca 2+ signaling protein profi les in various ways; for instance, in combination with shotgun proteomics technique for better understanding of Ca 2+ signaling network in the cell. In addition, capillary electrophoresis (CE), CE-MS, and MALDI-TOF-MS, are employed for metabolic profi ling to construct a metabolic network during the conversion to the hypertrophied myocyte. For the investigation of protein-protein interactions, an initial model of the primary target proteins has been constructed based on the published literature. The model is consistently being updated by various biochemical and biophysical techniques. Analytical techniques, such as Isothermal Titration Calorimetry (ITC), Surface Plasmon Resonance (SPR) and GST pull-down assay, are used to identify protein-protein interactions. For the complex structures of interacting molecules, 3D structure modeling and possibly X-ray crystallography are used. Understanding the pathway and mechanism of signal propagations in the cell requires not only the identifi cation of many Biotechnology in Korea www.asiabiotech.com new signaling molecules, but also their signaling interactions in terms of spatial and structural aspects. The most widely used detection methods are based on fl uorescent microscopic imaging techniques, such as fl uorescent resonance energy transfer (FRET) method showing very good magnifi cation and sensitivity. This FRET method are used for the study of spatiotemporal dynamics of Ca 2+ signaling.
One of the important features of this project is to characterize the physiological functions of novel proteins recently identifi ed by evaluating spatiotemporal properties of Ca 2+ release patterns in cardiac cell line. Such dynamic properties of global and local Ca 2+ releases in intact myocytes are measured by real-time confocal Ca 2+ imaging technique combined with quantifi cation tools. In addition, various resulting physiological parameters of cardiac cells are examined, such as cell contractility, beating rate, hormonal regulation, and membrane permeability, using diverse optical, electrical, pharmacological tools. Consequently, all these quantitative data are essential information to establish a reasonable network of the Ca 2+ regulatory proteins under normal and abnormal heart conditions.
The ultimate goal of this study, in the context of systems biology, is to investigate the dynamical properties of biological systems, and to invent new pharmacological strategies for treatment of relevant diseases. The cardiac Ca 2+ signaling system, like other biological systems, consists of complex hierarchical structures, from genes to proteins to reactions. Therefore, construction of a hierarchical platform model of the Ca 2+ signaling system is essential in order to incorporate this structural concept. This will be done by integrating models of each bio-molecular layer, with a particular emphasis on kinase systems such as calcium/calmodulin-dependent protein kinase II. CaMKII is known to phosphorylate several important CSTK proteins in response to Ca 2+ signals and regulate a variety of cell functions such as cell proliferation and development. It is also known to be associated with several cardiac diseases such as heart failure, hypertrophy, and arrhythmias. Ultimately, it will be possible to invent new methods to treat heart diseases by analyzing the role of CaMKII in a cardiac cell using the hierarchical platform model that is being constructed.
X-omics Technologies
Systems biology and biotechnology research have become possible by the development and improvement of high-throughput techniques allows large-scale analysis of biological data at multiple levels. Here we briefl y dscribe x-omics technologies employed for systems geology and biotechnology researches.
a. Genome Sequencing and Analysis
The genome contains whole genetic information of the cell, and is invaluable for the understanding of cellular physiology for various purposes including strain improvement. In the post-genomic era, many high-throughput tools and devices have been developed to support analysis of the genome information with improved speed and sensitivity. As the genome is a starting point of the fl ow of genetic information, it provides important clues to the analysis of transcriptional and translational level profi ling. Because of the increasing importance of genome information, the genome sequences of increasing number of organisms are being completed in Korea. After the very fi rst publication of the complete genome Biotechnology in Korea www.asiabiotech.com sequence of Mannheimia succiniciproducens MBEL55E (Hong et al. 2004) , genomes of more than 20 organisms are known to be or partially sequenced in Korea. The microbial genome annotation results are intensively used for the identifi cation of fermentative characteristics, metabolic fl ux analysis, static/dynamic modeling and simulation, and transcriptome/proteome analysis. In addition to this, identifi cation and analysis of the genome-scale biochemical network is one of the important hot topics being actively pursued in systems biology research.
b. Transcriptome Analysis
Beyond the genome information, transcriptional expression patterns of the whole genome, or transcriptome, under various experimental conditions need to be clarifi ed to gain better insight into the cellular physiology. Recently, transcriptome profi le analysis is widely employed, ranging from fundamental biological questions to medical applications, such as cancer detection. White biotechnology is not an exception; connecting the metabolic and regulatory network using transcriptome data supports the development of new processes for the effi cient production of recombinant proteins, amino acids or other useful materials that are of industrial importance. For instance, transcriptome profi ling of the recombinant Escherichia coli that can produce human insulin-like growth factor I fusion protein (IGF-If) was analyzed to identify the important gene target for manipulation . This example demonstrates the strategy of strain improvement by utilizing transcriptome profi ling and specifi c gene targeting.
c. Proteome Analysis
As the celluar behavior is closely related to proteome profi le, but is not proportionately correlated with transcriptome profi le, proteome analysis provides another important view towards an organism of interest, enabling more reliable systems biology and biotechnology (Lee et al., 2005) . Observation of the protein expression level makes it possible to understand how the protein levels change under different environmental conditions. Proteome profi ling also has wide applications including drug targe identifi cation, strain improvement, bioprocess enhancement and so forth. In one study, comparison of the proteome profi ling between the metabolically engineered E. coli XL1-Blue and the control E. coli strain revealed the intracellular accumulation of poly(3-hydroxybutyrate) and the importance of protein Eda in the production of this biodegradable polymer (Han et al., 2001) .
Furthermore, despite existing limitations to the integration of disparate omics data, there have been several systematical approaches to combine them in the current biotechnology research. Combination of transcriptome and proteome profi ling is such an example to overcome the limitied view that each individual x-omic data provides (Yoon et al., 2003) . Transcriptome and proteome profi ling during the high cell density culture of E. coli showed the regulation of amino acid synthetic metabolism during the cultivation. In addition to this, combined analysis between the E. Biotechnology in Korea www.asiabiotech.com coli W3110 strain and L-threonine-overproducing mutant E. coli strain were compared to identify important targets for the gene manipulation. Combined profi ling analysis provides useful information involved in the regulatory mechanism of L-threonine production .
d. Metabolome and Fluxome Analysis
Metabolome is another important systems level to be studied as the whole set of metabolites in the cell clearly reveals its metabolic status. High-throughput analysis of the metabolites in the cell can be performed using several devices such as GC-MS, LC-MS and NMR. Although this fi eld is also a very promising area with respect to development of systems biology, its research activity in Korea is still slow in progress and more efforts are demanded. In addition to this metabolome, fl uxome is getting more and more popular in systems biology research, particularly regarding the study of the organism's metabolic patterns. The objective of fl ux analysis is the quantifi cation of metabolic fl uxes in the metabolic pathways. The result of fl ux analysis is a quantitative fl ux map of the metabolic network under a specifi c condition. This can be used to identify possible targets for the gene manipulation and to predict effects of gene manipulation (Hong et al., 2003; Lee et al., 2005b) . In addition to this, isotopomer experiments show more reliable fl ux distribution on the pathways by identifying the intracellular distribution of labeled compounds.
Future Perspectives
In the future, systems-level approaches including systems biology and biotechnology will occupy an important portion in the industry. Current systems biology is mainly focused on the understanding of complex and dynamic behaviors of organisms by using various x-omics data and computational models. Although each X-omics data are constantly being generated at high speed, further efforts to integrate them are highly demanded as advocated throughout this article. Ultimately, integrative research of in silico and wet experiments will not only develop systems biology per se to answer to fundamental biological questions, but also foster metabolic engineering for actual applications (Fig. 7) . In the near future, this trend will more likely to take place. Currently, the status of systems biology and biotechnology in Korea is at the entrance of rapid growth without much experience. However, noteworthy outcomes recently started to appear and, therefore, it is expected that research groups in Korea will be able to attain systematical methodologies for a more perfected model of biological systems and thus systems biotechnology.
